A chiral copper-hydride catalyst for the asymmetric conjugate reduction of ␣,␤-unsaturated carbonyl compounds has been used for the reduction of substrates containing ␤-nitrogen substituents. A new set of reaction conditions has allowed for a variety of ␤-azaheterocyclic acid derivatives to be synthesized in excellent yields and with high degrees of enantioselectivity. In addition, the effect that the nature of the nitrogen substituent has on the rate of the conjugate reduction reaction has been explored.
M
any ␤-amino acids and their derivatives are of interest as structural components and because of their biological activity (1) (2) (3) . The asymmetric synthesis of these compounds has been realized through a variety of methods (1, 4, 5) , most notably asymmetric Mannich reactions (6) (7) (8) , diastereoselective or enantioselective conjugate additions (9) (10) (11) (12) (13) , and the reduction of ␤-amido ␣,␤-unsaturated esters or nitriles (6, (14) (15) (16) (17) (18) . Although the reduction of ␣,␤-unsaturated esters has proven to be a particularly powerful tool for this transformation, the various methods used are generally limited to substrates that contain a primary amido group in the ␤ position.
We recently described a versatile system for the asymmetric conjugate reduction of a wide variety of ␣,␤-unsaturated carbonyl compounds (19) (20) (21) (22) (23) (24) (25) (26) (27) . Appropriately substituted acyclic ␣,␤-unsaturated esters, cyclopentenones, lactones, and lactams could all be reduced in high yield and with excellent levels of enantioselectivity. However, to our knowledge there have been no successful conjugate reductions of substrates containing ␤-heteroatoms. One possible explanation for this is that deactivation of the enoate can occur by the interaction of a lone pair of electrons on the heteroatom with the conjugated system of the enoate. We therefore reasoned that suitable substrates for this reaction that contained ␤-heteroatoms would possess functional groups in which this interaction is minimized. We report here a method for the asymmetric conjugate reduction of ␣,␤-unsaturated carbonyl compounds substituted with a nitrogen in the ␤ position. This method allows for the preparation of a variety of azaheterocycles and derivatives not available by other methods of asymmetric reduction.
Methods

Preparation of Substrates.
Various ␤-iodo enoates were effectively coupled with azaheterocycles by using a modified protocol derived from our recently reported copper-catalyzed vinylation of amides and carbamates (Scheme 1) (28) (29) (30) (31) . For small quantities of material, an oven-dried Schlenk flask equipped with a Teflon-coated magnetic stir bar was allowed to cool to room temperature under nitrogen and then was charged with Cu(I) iodide (0.10 mmol), potassium phosphate (1.5 mmol), and (if a solid) the nitrogen nucleophile (1.5 mmol). The flask was then capped with a rubber septum, evacuated, and backfilled with nitrogen; this process was repeated one time. Toluene (0.50 ml) was added, followed by the diamine (0.20 mmol), the nitrogen nucleophile (if a liquid) (1.5 mmol), and the vinyl iodide (1.0 mmol) as a solution in toluene (0.50 ml). The septum was then replaced with a Teflon screw cap under a positive pressure of nitrogen, and the flask was sealed and placed in a 65°C oil bath with stirring. On complete conversion of the vinyl iodide (as judged by gas chromatography), the reaction mixture was allowed to cool to room temperature. The reaction solution was partitioned between water and ethyl acetate, the phases were separated, and the aqueous phase was extracted three additional times with ethyl acetate. The combined organic layers were then dried over magnesium sulfate and filtered, and the solvent was removed with the aid of a rotary evaporator. The crude residue was then purified by flash chromatography on silica gel to give the desired compound. When larger quantities of material were desired, the same procedure was followed with the exception that a flame-dried 25-ml round-bottom flask was used rather than the Schlenk flask. Physical characterization data for all compounds are available in Supporting Methods, which is published as supporting information on the PNAS web site. The vial was capped with a screw-on top with a Teflon center, through which a glass pipette filled with calcium sulfate was inserted. Tetrahydrofuran (THF) was then added to the vial via syringe, and this was allowed to stir for Ϸ5 min. Then polymethylhydrosiloxane (PMHS) (4.0 eq) was added to the vial, and this was again allowed to stir for 5 min. Finally, a solution of the substrate (0.33 M in the total volume of THF) and t-BuOH (4.0 eq) in THF was added to the vial and allowed to stir for the time indicated. On complete conversion of the starting material, as judged by gas chromatography or thin layer chromatography, the reaction was worked up in one of two ways. For the first, the reaction mixture was diluted with ethyl acetate and then partitioned between water and ethyl acetate. The phases were separated, and the aqueous layer was extracted three times with ethyl acetate. The combined organic layers were dried over magnesium sulfate and filtered, and the solvent was removed with the aid of a rotary evaporator. The crude residue was then purified by flash chromatography over silica gel. Alternatively, the reaction mixture was loaded directly onto a silica gel column and purified by flash chromatography. Physical characterization data for all compounds are available in Supporting Methods.
Results and Discussion
With a means to access a variety of ␤-amino-substituted ␣,␤-unsaturated esters in hand, we applied our previously reported reaction protocol. This entailed the use of Cu(I) chloride, (S)-p-tol-BINAP, sodium tert-butoxide (1 eq relative to CuCl), and PMHS, a mild and inexpensive hydride source, in toluene (19) (20) (21) (22) (23) (24) . Although our initial results were promising, further optimization was required. Examination of various Cu(I) and Cu(II) salts indicated that a number were effective precatalysts. Interestingly, we found that Cu(OAc) 2 ⅐H 2 O was effective as a precatalyst for the reaction even in the absence of added tert-butoxide. Several solvents or solvent mixtures can be used; however, the use of THF provided faster reaction rates than that observed with other solvents. This rate enhancement is likely due to greater solubility of the copper precatalyst in THF. An additional increase in rate was observed, as in previous systems (19, (32) (33) (34) (35) (36) , when sterically hindered alcohols were added to the reaction mixture. Further, when reactions were performed under an atmosphere of air, the reaction rates were faster than those carried out under inert atmosphere (19, 37) . It should be noted that in all of these studies the enantiomeric excess of the product was unchanged. The combination of these findings led to the protocol for the reaction of 3-aza-2-enoates, the scope of which was examined, and the results of which are summarized in Table 1 .
Various N-vinyl pyrroles (Table 1 , entries 1-4) were reduced in excellent yield with high levels of enantioselectivity, including the hindered substrate 4,4-dimethyl-3-pyrrol-1-yl-pent-2-enoic acid ethyl ester (Table 1, entry 4) (38, 39) . ␣,␤-Unsaturated esters containing an indole moiety (Table 1 , entries 6-8) in the ␤ position were also effectively transformed. In addition, substrates that possessed lactams in the ␤ position were also efficiently reduced. Both ␤-lactam-containing ( *5 mol % Cu͞5 mol % BINAP͞4 eq PMHS͞4 eq t-BuOH. † Isolated yield average of two runs determined to be Ͼ95% pure by 1 H NMR or gas chromatography. ‡ Enantiomeric excess determined by HPLC. § 10 eq PMHS. ¶ 10 mol % Cu͞10 mol % BINAP. 5 mol % Cu͞5 mol % BINAP͞6 eq PMHS at 45°C. **8 eq PMHS.
long reaction times, likely a result of unfavorable steric interactions. As a result of the lower reaction rates, it was necessary to use 6 -10 eq of PMHS, because the reaction of the silane with trace moisture in the atmosphere was competitive. Interestingly, when attempting to reduce 3-indol-1-yl-oct-2-enoic acid methyl ester, it was found that the reaction could either be performed under the standard reaction conditions (room temperature) by using a slightly higher catalyst loading and longer reaction time ( Table 1 , entry 8) or run with a shorter reaction time and with less catalyst by performing the reaction in a sealed tube under nitrogen at 45°C (Table 1 , entry 7). These results suggest that both the efficiency and the enantioselectivity of the system are essentially independent of temperature over this range.
Although substrates with either a heterocycle or a lactam in the ␤ position were viable under the reaction conditions, their reaction rates varied. Typically, substrates containing a lactam in the ␤ position required longer reaction times than those with a ␤-pyrrole or -indole substituent. A more detailed examination of the reaction rates of several substrates was performed, and the results are summarized in Table 2 . Interestingly, when an equimolar amount of substrates 1 and 3 were mixed and subjected to the usual reaction conditions, a decrease in the rate of reduction of 3 was observed. Similar results were obtained when a mixture of 2 and 3 were submitted to the reaction conditions as well. This leads us to propose that the carbonyl group of the lactam moiety likely coordinates to the copper in a nonproductive manner, giving rise to lower reaction rates of substrates 1 and 2 than substrate 3. Additionally, when equal molar amounts of substrates 1 and 2 were mixed and subjected to the reaction conditions, their rates were identical to those run in the absence of the second substrate. This suggests that although the coordination of the lactam to copper does inhibit the reaction, the more significant effect on the rate is the interaction of the lone pair on nitrogen with the system. The observed higher relative rate for the ␦-lactam relative to the ␤-lactam is presumably due to the greater NAC character in the former. That substrate 3 is the most reactive is consistent with this notion, because the interaction between the nitrogen's lone pair of electrons and the system in this substrate should be minimal.
The reaction conditions described here are more convenient than those we reported earlier for asymmetric conjugate reductions, eliminating the use of air-and moisture-sensitive CuCl and hygroscopic sodium tert-butoxide. In addition to being effective for the reduction of ␤-heteroatom-containing ␣,␤-unsaturated esters, these new conditions were also successful in the reduction of simple ␣,␤-unsaturated ketones and esters (Table 1, entries 13 and 14), affording yields and enantioselectivities comparable to those obtained by using previous systems (19) (20) (21) (22) (23) (24) .
In conclusion, we have developed a method for the asymmetric conjugate reduction of ␣,␤-unsaturated esters containing ␤-heteroatoms. We found that this system tolerated the presence of both lactams and azaheterocycles in the ␤ position of various enoates. This method has led to the asymmetric synthesis of a number of interesting ␤-amino acid derivatives.
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